Introduction
The environmental pollution caused by mercury is still a serious problem threatening public health in the world. [1] [2] [3] [4] [5] It is estimated that more than three hundred tons of mercury are released mainly from coal-burning in the big cities of China every year. Nearly 53 -73% of mercury pollutants is discharged into the air, while another 27 -47% of them go directly into the watersoil system. In addition, more than 1200 tons of mercury are consumed per year by industries, including chemical production (polyvinyl chloride), medical appliances (thermometers, sphygmomanometers), fluorescent lighting and battery plants. The waste products from these industries are the main resource of mercury pollution. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] It has been reported by large amounts of literature that mercury possesses extensive toxicities towards the human body, including the nervous system, urinary system, reproductive system, immune system and alimentary system. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The long-term ingestion of mercury from the environment potentially jeopardizes the health of human beings and animals. Thus, it is very necessary to develop novel and fast methods to monitor mercury pollution in environmental samples, especially in water.
Scientists have developed a variety of methodologies for the detection of mercury ions in environmental samples. These techniques include spectrophotometry based on dithizone colorimetry, atomic-absorption spectrometry methods, inductively coupled plasma mass spectrometry, hydride generation-atomic fluorescence spectrophotometry and biosensor methods. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] these methods are usually employed as confirmatory means for the determination of mercury ions. However, they require expensive instruments and professionally skilled technicians. The operations of these methods are timeconsuming, complicated and can only be performed in laboratories. In recent years, scholars have designed and synthesized different pairs of oligonucleotides (containing more thymine compared to the routine oligonucleotides) to functionalize the gold nanoparticles (GNPs). [37] [38] [39] [40] [41] [42] [43] [44] [45] Traces of mercury ions can induce the mispairing of the thymine of the oligonucleotides on the functionalized GNPs, leading to the aggregation of GNPs and exhibiting colorimetric changes that can be easily judged by the naked eye. Furthermore, some researchers employed L-cysteine, thymine and urine to encapsulate the GNPs for the fast detection of mercury ions in water. [46] [47] [48] These methods are simple and fast, and can be applied for on-site use. However, up to now, no practical detection kit based on functionalized GNPs have been developed.
In this work, GNPs with an average diameter of 16 nm were prepared using trisodium citrate as the reducing agent. Melamine with a concentration of 0.4 mM was employed to functionalize the GNPs. A trace amount of mercury ions could easily induce the aggregation of melamine-GNPs, leading to distinct color changes from red to purple. It was proved that the colorimetric determination of mercury using melamine-GNPs as the probe is simple, cost effective, fast and very sensitive. Furthermore, we assembled a mercury detection kit in our laboratory. The kit included reagent 1 (GNPs), reagent 2 (melanine), a reaction cuvette with four separated cells, a colorimetric card and a plastic pipette. Due to the easy operation A fast and simple mercury detection kit was developed based on melamine-functionalized gold nanoparticles (GNPs). The detection kit contained reagent 1 (GNPs), reagent 2 (melanine), a reaction cuvette with four separated cells, a colorimetric card and a plastic pipette. The GNPs were prepared by a citrate reduction of HAuCl4. A proper amount of melamine was applied to functionalize the GNPs. The complex reaction took place in the present of Hg 2+ in the test samples, leading to the combination of Hg 2+ with the C=N group of melamine located on the surface of the GNPs. This reaction resulted in damage to the stability of colloid gold, and the aggregation of GNPs occurred. Different color changes (from claret-red to lilac, purple and plum) were displayed with different concentrations of Hg 2+ in the test samples. It was very easy and convenient to determine the amount of mercury ion by the naked eye. The advantages of this methodology are listed as follows: a short detecting time (within 10 min), a high specificity (no significant interference was indicated upon adding a certain amount of Cu 2+ , Pb and simple procedures of this detection kit, it was expected that this method could be extensively applied in the near future for the fast screening of mercury residues in environmental samples.
Experimental

Chemical and materials
Chloroauric acid (HAuCl4·4H2O, 99%) was obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). Melamine (Analytical standard) was purchased from Sigma-Aldrich (St. Louis, MO). Other reagents (analytically pure grade), including Pb(NO3)2·4H2O, Cd(NO3)2, Hg(NO3)2·2H2O, CuSO4·5H2O, Co(Ac)2·4H2O, and Ni(NO3)2·6H2O, were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All glassware for the preparation of solutions used in this experiment were immersed in aqua regia (HCl/ HNO3 3:1) overnight and rinsed with deionized water (Milli-Q with a resistance of 18 mΩ cm -1 ).
Instrumentation
A Tecnai TM G 2 Spirit TWIN/BioTWIN transmission electron microscope (FEI, Hillsboro, OR) was used to study the morphologic characteristics of melamine-GNPs.
The accelerating voltage was set at 100 kV. A spectrum analysis of GNPs and melamine-GNPs was performed on a Shimadzu UV-1800 spectrometer (Shimadzu, Tokyo, Japan).
Preparation of mercury ion detection kit
The mercury-ion detection kit consisted of reagent 1 (GNPs), reagent 2 (melanine), a reaction cuvette with four separated cells, a colorimetric card and a plastic pipette (as shown in Fig. 1.) Reagent 1: The preparation of GNPs were based on a method described in previous literature. 49 Briefly, 1 mL of 1% (w/v) HAuCl4·4H2O was added into a round-bottom flask containing 25 mL of deionized water. After the solution was heated to vigorous boiling, 2.5 mL of 1% (w/v) trisodium citrate (Na3C6H7·4H2O) was added rapidly into the flask. Reflux was employed while the solution was continuously heated for another 15 min. The color changes of the reaction solution form light yellow to wine-red was indicated during the heating process. A water bath was used to cool the flask to room temperature. The GNPs were then centrifuged at 10000g for 20 min. The supernatant was discarded and the sediment was suspended with the same volume of 5 mM Tris-HCl (pH 7.2). The morphologic characteristics of the GNPs was studied by TEM analysis. Then, 2 mL of GNPs was added into a transparent ampoule bottle and used as reagent 1. Reagent 2: 50 mg of melamine was dissolved in 100 mL of deionized water at the temperature of 60 C. The solution was diluted 10 fold by deionized water. The final solution containing 0.4 mM of melamine was used as reagent 2.
A plastic pipette was purchased from Gene Tech Co., Ltd. (Shanghai, China). The reaction cuvette was obtained from Sangon Biotech Co., Ltd. (Shanghai, China). Both the plastic pipette and the reaction cuvette were ready for use without any pre-treatment.
The preparation of a colorimetric card was as follows: 100 μL of reagent 1 and 50 μL of reagent 2 was added into each reaction cuvette, respectively, followed by gentle mixing for 5 min. Then, 50 μL of mercury standard solution with various concentrations of from 0.01 to 100 ppm of mercury ions was added, respectively, into the reaction cuvette, followed by gentle mixing for another 5 min. A digital camera (Canon 7D Mark II, Shanghai, China) was used to take pictures of the color development. A simulation technique was employed to design the colorimetric card with Photoshop 7.0 software. The concentrations of mercury ion were marked according to the degree of color development.
Colorimetric detection of mercury ion
The colorimetric determination of mercury ion was similar to the procedures described above in the section concerning the preparation of a colorimetric card. After 50 μL of the testing sample was used in the detection process instead of the standard solution, the degree of color development was compared with the colorimetric card to evaluate the concentration of mercury ion in the testing samples.
Result and Discussion
Basic mechanism for the determination
In previous literature, the methodologies for the determination of heavy metal ions were established using oligonucleotides (containing thymine)-bound GNPs as the probe. [38] [39] [40] [41] [42] [43] [44] [45] In recent years, some researchers constructed sensors with thymine, L-cysteine, urine, 3-mercaptopropionic acid and adenosine monophosphate functionalized GNPs. [46] [47] [48] 50 For all of these techniques, the basic mechanism of mercury-ion detection is that the aggregation of the ligand functionalized gold particles takes place in the presence of mercury ion, resulting in colorimetric changes that can be easily detected by the naked eye. Figure 2 represents the basic mechanism of mercury-ion detection using melamine-functionalized GNPs. Melamine possesses three -NH2 groups that can be easily bound to negatively charged GNPs. The chelation of Hg 2+ with a ligand leads to a prominent shift of the surface plasmon resonance peak. A red-to-blue color change can be quickly indicated (within 5 min). We point out, that all of the experiments in this study were performed at room temperature without any heating process or UV radiation.
Spectral behavior of melamine-GNPs
The TEM images of melamine-GNPs showed that the gold nanoparticles were well dispersed with the diameters over the ranges of 16 -22 nm (Fig. 3(a) ). However, in the presence of mercury ions, the distinct aggregation took place, indicating the accumulation and flocking together of the gold nanoparticles (Fig. 3(b) ).
The spectral behavior of melamine-functionalized GNPs was studied using a Shimadzu UV-1800 spectrometer. The results indicated that an adsorption peak (SPR) at 518 nm was clearly shown for melamine-GNPs (Fig. 4(a) ) under a stable welldispersed condition. However, with the addition of mercury ions, the SPR of melamine-GNPs shifted to a longer wavelength band, and two absorbance peaks were displayed at 520 and 700 nm, respectively (Fig. 4 (b) ). Furthermore, the addition of a high concentration of mercury ions (over 10.00 mg L -1 ) led to a disappearance of the absorbance peaks both at 520 and 700 nm (Fig. 4(c) ). Nevertheless, an adsorption peak was detected at 280 nm. Due to the aggregation of a large amount of melamine-GNPs, the color of the reaction solution turned into pale blue and the absorbance decreased with the increased amount of mercury ions.
Colorimetric detection
In order to more clearly demonstrate the colorimetric detection of mercury ions based on melamine-functionalized GNPs, we expended the reaction system by 5 fold with a final volume of 1000 μL (compared with that of the detection kit with a volume of 200 μL). Briefly, 500 μL of reagent 1 (GNPs) was first pipetted into transparent plastic tubes, followed by the addition of 250 μL of reagent 2 (0.4 mM melamine). After gentle mixing of the reaction solution for 5 min, 250 μL of the mercury standard solution with various concentrations (0.01 -40 mg L -1 ) was added into the above tubes. Another 5 min of gentle mixing was performed, and color changes were distinctively indicated. Figure 5 illustrates the color change of melamine-functionalized GNPs with the addition of various amounts of mercury ions. It was found that upon the addition of mercury ions with different concentrations, the testing tubes displayed different colors of wine-red, violet red, lavender, blue and pale blue, respectively, which could be easily detected by the naked eye. We concluded that the chelation of Hg 2+ with melamine caused the aggregation of gold nanoparticles, resulting in the distinctive color change that was associated with the shift of the SPR peak of the GNPs. In this study, it was obvious that the GNPs were functionalized with melamine until the detection was performed. In the detection kit, melamine and gold nanoparticles were separately stored in different containers. Our experiment showed that melamine-functionalized GNPs were not stable for long-time storage. Significant color changes of melamine-GNPs from wine-red to dark-red could be seen after 4 h. We point out, that during the detection process we simply mixed reagent 1 and reagent 2, and did not perform any washing of melamine-GNPs because our experimental results showed that there was no significant difference between the sensitivities of the detections based on the washed and un-washed melamine GNPs. Fortunately, the shelf life of the mercury detection kit could be as long as 15 months at room temperature with separate storage of the gold nanoparticles and melamine.
Further experiments were conducted in order to evaluate the detection limit of the mercury testing kit. When 50 μL of 0.01 -10 mg L -1 of Hg 2+ was applied in this sensing system, it was indicated that Hg 2+ with a concentration of 0.2 mg L -1 was able to significantly change the color of melamine-functionalized GNPs into violet red in less than 10 min. No obvious color changes were detected when Hg 2+ with concentrations of 0.10, 0.05, 0.02 and 0.01 mg L -1 were used. Therefore, we concluded that the detectable minimum concentration of Hg 2+ with this sensing system was 0.2 mg L -1 by a naked-eye judgement.
Sensitivity and selectivity
Due to a significant change of the spectral characteristics of ligand functionalized GNPs in the presence of mercury ions, researchers were trying to use UV-Vis spectra to investigate the sensitivity of the sensing system.
Previous literature demonstrated that, with the addition of mercury ions with increasing concentration, the intensity of the absorption peak at 518 nm was decreased while that of the SPR peak at 700 nm was increased. Our experiment showed similar results when using melamine-functionalized GNPs as the sensing element. Therefore, the ratio of the absorption value of A700/518 was recorded to improve the detection sensitivity. In this study, 0.005 -0.2 mg L -1 of Hg 2+ was employed on the sensing system based on the melamine-functionalized GNPs to evaluate the sensitivity. The results showed that, when the signal value of A700/518 with the addition of mercury ions was 3-fold higher than that of the standard deviation of A700/518 without the addition of Hg 2+ (blank system), the corresponding concentration of mercury ion was 0.01 mg L -1 , indicating the high sensitivity for mercury detection. It was also observed that the value of A700/518 increased linearly with the logarithmic value of the Hg 2+ concentration (Fig. 6) . The straight line could be represented by the equation y = (0.0523 ± 0.0083) Log3 (Hg 2+ concentration) -(0.20755 ± 0.0924).
Based on their availability in common pollutants, several divalent metal ions including Pb 2+ , Cd 2+ , Cu 2+ , Mn 2+ , Co 2+ and Ni 2+ with a concentration of 60 mg L -1 were used to challenge the selectivity of this sensing system. The results showed that the color of melamine-functionalized GNPs did not show any obvious change (by the naked eye), and remained wine-red when 60 mg L -1 of these divalent metal ions were added into the sensing system. However, with the addition of 20 mg L -1 of mercury ion, the color of melamine-functionalized GNPs changed from wine-red to dark-purple within 5 min. Fig. 7 shows a photo image of melamine-functionalized GNPs containing 60 mg L -1 of Pb 2+ , Cd 2+ , Cu 2+ , Mn 2+ , Co 2+ and Ni 2+ . It was obvious that melamine-functionalized GNPs manifested higher selectivity towards Hg 2+ compared with other divalent metal ions. 
Conclusions
A simple and fast methodology for the detection of mercury ions was established using melamine-functionalized GNPs as the sensing element. The chelation of Hg 2+ with a special group of melamine GNPs caused the aggregation of GNPs, resulting in a distinctive color change that could be easily detected by the naked eye. Based on this sensing system, a simple and practical mercury detection kit was developed, exhibiting its favorable advantages, including a short detecting time, easy operation, low cost, high sensitivity and selectivity. It was expected that this technique could be applied to the on-site and rapid detection of mercury ions.
